Quadratic X-ray Magneto-Optical Effect in Near-normal Incidence Reflection 
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We have observed a quadratic x-ray magneto-optical effect in near-normal incidence reflection at 
the M edges of iron. The effect appears as the magnetically induced rotation of ~0.1° of the po- 
larization plane of linearly polarized x-ray radiation upon reflection. A comparison of the measured 
rotation spectrum with results from x-ray magnetic linear dichroism data demonstrates that this is 
the first observation of the Schafer-Hubert effect in the x-ray regime. Ah initio density-functional 
theory calculations reveal that hybridization effects of the 3p core states necessarely need to be con- 
sidered when interpreting experimental data. The discovered magneto- x-ray effect holds promise for 
future ultrafast and element-selective studies of ferromagnetic as well as antiferromagnetic materials. 



X-ray magneto-optical spectroscopy techniques are 
widespread, sensitive methods for element-selective char- 
acterization of magnetic systems [1 . In particular the 
great sensitivity of resonant magnetic scattering meth- 
ods has been demonstrated in many experiments excit- 
ing the ^3^2 edges (2p 3d transitions) of 3d transition 
metals (TM) in magnetic nanostructures with system 
sizes down to the atomic scale [2 . These experiments 
have recently been extended from static investigations 
towards magnetization dynamics [3 . While the tempo- 
ral structure of synchrotron radiation restricted the time 
resolution to nanoseconds in the past, studies on the ul- 
trafast magnetization dynamics have become nowadays 
feasible using femtosecond x-ray pulses provided, e.g., 
by novel femtoslicing facilities at third generation syn- 
chrotron radiation sources such as the ALS (Berkeley, 
USA), BESSY (Berlin, Germany), and the SLS (Villi- 
gen, Switzerland) [4 . Much higher photon flux and thus 
improved experimental sensitivity in magneto-optical ex- 
periments will become available with the advent of soft 
x-ray free electron lasers (FEL). However, the existing 
PEL facility FLASH (Hamburg, Germany) is designed 
to provide photon energies of up to 200 eV, that is, the 
^3,2 edges of 3d TM (in the range of 650 to 950 eV) are 
currently not accessible. 

An alternative is provided by resonant 3p ^ 3d tran- 
sitions, i.e., the M edges (at 50 to 65 eV), where the 
observable magneto-optical effects may possess almost 
the same order of magnitude when compared to the L3 2 
edges (see, e.g., Refs. [5, 6 ). Moreover, the importance 
of the M edges for the investigation of TM compounds 
might reach soon beyond large scale facilities. Berlasso 
et al [7 have recently demonstrated the feasibility of 
performing ultrafast, table-top experiments at the M 
edges of TM through the higher order harmonic gener- 
ation (HHG) of fs laser pulses. Consequently, ultrafast, 
element-selective magneto-optical techniques exciting the 
3p core level electrons can become accessible to most lab- 
oratories. Despite of these promising properties the M 



edges are rarely investigated so far and their capabilities 
for the above described experiments have not yet been 
explored. To fully profit from current FEL capacities 
and future HHG possibilities for element-specific static 
and time-resolved magnetization studies it is then nec- 
essary to further explore magneto-optical techniques in 
this promising energy range. 

In this Letter we report the discovery of a novel 
quadratic x-ray magneto-optical effect at the M edges 
of TM occuring upon reflection of linearly polarized ra- 
diation in near-normal incidence. By comparison with 
additional x-ray magnetic linear dichroism (XMLD) mea- 
surements and ab initio calculations we show that the 
reported effect is the x-ray analogon to a similar obser- 
vation made by Schafer and Hubert in the nineties using 
visible light [8] which subsequently proved to be a valu- 
able tool for the visualization of magnetic domains [9 . 

The Schafer-Hubert effect results from the symmetry- 
breaking that occurs due to the preferred magnetization 
axis in a magnetically ordered material. As a conse- 
quence, the indices of refraction are different for linearly 
polarized light propagating with electric polarization E 
parallel to M {n\\) and perpendicular to M (n^), respec- 
tively. Light traversing the material with E and M at 
an angle of 45° contains equal components E\\ and E±. 
In near-normal incidence reflection the magnetic modi- 
fication embodied in n|| and n± leads to the magnetic 
Schafer-Hubert rotation of the polarization plane upon 
reflection, which, using Fresnel theory, can be expressed 
as 



^SH - Re 
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where n = {n\\ + n^)/2, e||, e± are the permittivities 
for E\\M^ E ± respectively, and no is the refrac- 
tive index of the cap layer. The dominating quantity for 
the effect is A= e|| — ej_ which also is essential to the 
XMLD and the x-ray Voigt effect that are both observ- 
able in transmission [iO\. Earlier investigations proved 
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FIG. 1: (Color online) (a) Experimental setup for the de- 
tection of the Schafer-Hubert effect, (b) Reflectivity in the 
vicinity of the iron M edges at near perpendicular incidence, 
(c) Normalized detector signal when rotating the analyzer by 
an angle of 7. 

that e|| —e± is to lowest order proportional to (M^) [TT]. 
Therefore the Schafer-Hubert effect can be observed for 
ferromagnetic (FM) as well as antiferromagnetic (AFM) 
materials. 

The experiments were performed at the U125/PGM 
beamline of the synchrotron radiation source BESSY 
[12]. The spectral resolution E/AE was set to 5000. 
The degree of linear polarization of the incident light 
was FLin = 0.99 [12 . The BESSY polarimeter cham- 
ber [13] was used for acquisition of the data. In order 
to guarantee a solely magnetic origin for A, i.e. A= 
e|| —e± (X (M^) [cf. Eq. M] the sample must necessarily 
be cubic or amorphous |14j . The investigated sample was 
a magnetron-sputtered 50 nm thick Fe layer deposited on 
a 100 nm thick Si3N4 membrane. A 3 nm Al cap layer 
was deposited to prevent oxidation. The in-coming radi- 
ation was set at an angle of incidence of <p = 10° with 
respect to the sample normal as shown in Fig.jlja). Two 
magnetic coils allowed magnetic saturation of M along 
two orthogonal directions in the sample plane. The po- 
larization state of the reflected light was analyzed using a 
rotatable gold mirror analyzer and measuring its reflected 
intensity at the detector being a GaAs:P photodiode. 

In the present experiments a differential detection 
scheme was employed in order to detect the rotation of 
the polarization plane of the radiation upon reflection, 
i.e. the Schafer-Hubert effect. We profit from the general 
property of quadratic MO effects which in the present 
case can be expressed by 0{a) = ^sHsin2a, where a is 
the angle between the incident polarization and the mag- 
netization as stated above. The measured rotation is thus 
maximized when setting the magnetization at angle of 
±7r/4 with respect to the polarization. The respective 
experimental orientations are denoted by mx and ttil, 
respectively, in Fig. [ija). Subtracting the correspond- 
ing rotation angles of the polarization plane then yields 



2^SH- Note that due to the deviation of 10° from normal 
incidence an additional small linear MO Kerr rotation 
may be present in the data. It is eliminated by reversing 
the magnetization at each orientation and averaging the 
measurements. 

The near-normal reflectivity of the sample in the vicin- 
ity of the M edges is depicted in Fig. [ijb). It shows a 
peak at about 55 eV that accounts for the resonant Fe 
3p 3d transitions. Contrary to the well studied Ls^2 
edges the core level spin-orbit interaction is much smaller 
and does not allow to resolve the M2 and M3 edges sep- 
arately. The reflectivity is of the order of 10~^. At the 
^3,2 edges the reflectivity in near normal incidence would 
be several orders of magnitude smaller, and hence, be 
below current detector capabilities. Therefore the only 
feasible detection of an element-selective Schafer-Hubert 
effect are the M edges. Fig. [TJc) shows the intensity at 
the detector when rotating the analyzer by an angle of 7 
from to 27T (open circles) at an off-resonant energy. Any 
additional magnetically-induced rotation 6 of the polar- 
ization plane causes a shift of this curve according to 
7(7) = i?o • [1 + ^ • cos2 (7 + 6>)], where Rq denotes the 
product of the reflectivity of the sample with that of the 
Au analyzer and P is the product of the polarizing power 
of the Au layer and the degree of linear polarization of 
the reflected radiation. Here we can set P = 1 [11]. Fit- 
ting the above equation to the data [cf. the red line in 
Fig. [ijc)] we obtain for each photon energy and mag- 
netization. The Schafer-Hubert rotation is finally given 
by ^sH = [^(mx) - e{m^)]/2. 

The resulting Schafer-Hubert rotation spectrum ^sh 
is given in Fig. [2] It shows a resonant behavior with 
a twofold sign reversal close to the M edges and max- 
imum values of about ±0.1°. For comparison we have 
measured the corresponding XMLD effect in transmis- 
sion geometry [11 . Figure [sj a) shows ImA (open cir- 
cles) being directly deduced from the transmission data 
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FIG. 2: Photon energy dependent Schafer-Hubert rotation 
of the polarization plane of linearly polarized x-rays in the 
vicinity of the Fe M edges. 
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and Re A (solid circles) obtained from a Kramers-Kronig 
transformation. Using Eq. ([T]) and the experimental A 
values together with reported data [7] for the permit- 
tivity e, yields the theoretically expected Schafer-Hubert 
rotation. As depicted in Fig. [sj^b) the calculated (upper 
white triangles) and measured ^sh (solid circles) spec- 
tra agree nicely. It is worth to mention that the XMLD 
data also allow us to deduce a maximum x-ray Voigt ro- 
tation in transmission of 8°//im at the M edges, which is 
remarkably similar to that measured at the Co L edges 
(7.5°//im) [11]. This is surprising, since, in the conven- 
tional understanding it is the larger spin-orbit splitting 
of the core ^3/2 and ji/2 levels, being nearly a factor 
ten larger at the L edges than at the M edges, that is 
believed to be responsible for the large L edge magneto- 
x-ray effects. As we will show below through ah initio 
calculations, the microscopic mechanism leading to the 
XMLD at the M edges is actually quite different from 
that at the L edges. The size of the rotation demon- 
strates that quadratic magneto-optical effects at the M 
edges can serve as an equal alternative to respective ex- 
periments at the L edges. 

In addition, our experiments confirm a recently pre- 
dicted relation between the Schafer-Hubert rotation and 
the XMLD effect occuring in reflection [10]. The corre- 
sponding asymmetry is given by ^Ir = {R±^ —R\\)/ {R± + 
i?ll) with R± and R\\ being the reflectivity for the mag- 
netization perpendicular or parallel to the polarization 
plane. At near normal incidence it has been shown that 
= 2^sH [15 . A respective 6>sh spectrum computed 
from the experimentally determined Ar data is given 
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FIG. 3: (Color online) (a) Imaginary and real part of the x- 
ray magnetic linear dichroism measured at the Fe M edges, 
(b) Calculated Schafer-Hubert rotation ^sh based on (i) the 
XMLD transmission data of Fig. [sj a) (open triangles) and (ii) 
the XMLD asymmetry measured in reflection (red triangles). 
Both data are compared to the experimentally determined 
^SH values (solid circles, cf. Fig. |2|. 
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FIG. 4: (Color online) (a) j,jz resolved density of states 
(DOS) of the 3p core levels of Fe. (b) Calculated Schafer- 
Hubert rotation spectrum at the Fe M edge, with j,jz hy- 
bridization included (full curve) or without (dashed curve). 



in Fig. [3|b) (red triangles). The agreement with the 
measured ^sh rotation is again excellent as it reproduces 
the experimentally measured rotation spectrum both in 
shape and magnitude. 

Ah initio density functional theory calculations have 
been performed using a full-potential linearized aug- 
mented plane wave (FLAPW) method in the WIEN2K 
implementation ^ . We may note that a particular dif- 
ficulty for the theoretical description of the 3p semi-core 
states is related to the relative sizes of the exchange split- 
ting and spin-orbit splitting of the 3p levels. Whereas at 
the L edges the exchange splitting of the 2p states is 
quite small and, consequently, can be treated as a per- 
turbation to the spin-orbit split ^3/2 and ji/2 levels, this 
can no longer be done for the 3p states. In our relativist ic 
calculations exchange and spin-orbit splitting were there- 
fore included on an equal footing. Also, a considerable 
hybridization of the ji/2 and states can be expected 
at the 3p level. To allow for this, the 3p states of iron 
have been treated as valence states in our calculations. 
The combined effect of the exchange and spin-orbit in- 
teraction as well as of hybridization on the 3p states is 
illustrated in Fig. Qa), where we show the computed 3p 
density of states (DOS). Clearly, the 3p states are not 
anymore separate ji/2 and js/2 levels, but are mixtures 
of all \jjz) components, a situation which is markedly 
different from that of the 2p levels. Our relativist ically 
calculated energies of the 3p levels are in good agreement 
with a previous calculation [17], which, however, did not 
consider the hybridization of the \jjz) components. 

To obtain the Schafer-Hubert rotation spectrum we 
first calculated the complex dielectric tensor of bcc Fe 
and subsequently applied the four-vector Yeh formalism 
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[18] to obtain ^sh- The theoretically derived Osu spec- 
trum shown in Fig.Qb) agrees well with the experimental 
one. Respective simulations show that the smaller mag- 
nitude of the experimental data relative to the theory is 
due to the Al capping layer, which has been neglected 
in our calculations given in Fig. ^h). Note that in the 
experimental procedure of reversing the magnetizations 
rriT and mL we cancel out a constant background signal. 
The corresponding background has accordingly been sub- 
tracted for the theoretical Osu rotation. 

To evaluate the influence of j, jz mixing in the 3p states 
we have computed 6>sh also without including the j, 
hybridization. As shown in Fig. ^h) this leads to sig- 
nificant deviations from both the experimental as well 
the calculated data with hybridization. Apart from the 
different spectral shape the magnitude of ^sh is about 
five times larger than the one with j, jz mixing included. 
This demonstrates that for proper description and inter- 
pretion of x-ray magneto-optical effects at the M edges 
it is essential to take the hybridization of the j, jz levels 
into account. 

In conclusion, we have detected a novel quadratic 
magneto-x-ray effect occuring upon refiection of linearly 
polarized x-rays in near-normal incidence. A comparison 
with x-ray magnetic linear dichroism data and ab initio 
calculations confirms that this effect is the x-ray anal- 
ogon of the Schafer-Hubert in the visible light regime. 
These calculations also show that the hybridization of 
the 3p core level states has to be considered for a proper 
description of magneto-optical effects at the M edges of 
the 3d transition metals. With the recent advances in the 
development of short wavelength optics [19^ and the in- 
creasing availabity of ultrashort UV and X-ray pulses [20] 
the Schafer-Hubert effect offers promising opportunities 
for ultrafast and element-specific microscopy of ferromag- 
netic and antiferromagnetic domains. 
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